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Abstract: This work is devoted to the research of conditions of the dark resonance 
(coherent population trapping) of the interaction of the laser radiation with tunneling-coupled 
quantum wells.  The phase sensitive dependence of dark resonances has been investigated. We 
obtained that destruction as well as restoration of the dark resonances of the coherent population 
trapping is possible in dependence on algebraic sum of the phases of exciting fields. It is shown 
that the phase variation of exciting fields influences on the absorption and dispersion of the 
probe field in a medium with quantum wells.  
 
1. Introduction 
Now the coherent population trapping (CPT) effect attract big interest of researchers 
which consist in arising of superposition quantum state (dark state) of low states in three-level 
Λ- system at interaction of such systems with laser fields [1]. It is known that the appearance of 
such dark state has been induced by induction of low-frequency coherence between low states of 
the atomic system. This fact allows to bring such name as «coherent medium». The changing of 
characteristics of the optical dense medium and its influence on propagation of multi-frequency 
laser irradiation was called as effect of electromagnetically-induced transparency (EIT) [2].  In 
the simple case the EIT takes place when a two-frequency radiation passes through a three-levels 
atom medium (Λ-system) and each spectral component interacts with one of two long-lived 
states of atom with the excited state [3, 4]. Hence the absorption of the optical radiation by the 
medium becomes negligible when the difference of frequencies of spectral components is equal 
to the difference of frequencies of the transition between low states in the atom. In other words 
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the dark resonance (or EIT resonance) takes place for these conditions.  At the same time the 
scale of the frequency area of enlightenment (width of the dark resonance) can be equal to 
several thousandths of a percent of the natural width of the atomic transition line.  
It is emphasized that these resonance has been already used successfully for the different 
applications: the creation of the compact frequency standards or high precisione quantum 
magnetometers. Moreover the dark resonances are of particular interest for the development of 
devices for recording and storing quantum information [5] and also quantum logic switches [6]. 
It is noted that the width of using resonance is directly connected to the reliability of information 
processing. So the methods of recording and reading of qubits with a high degree of reliability 
were realized on the basis of the EIT resonance in the atoms inside an optical lattice.   
It is obviously that the further progress in the creation of the element basis for quantum 
computing is connected to realization of the EIT effect in solid-state structure, namely in 
semiconductor nanostructures – quantum wells and quantum dots. The possibility of creation the 
structure which has the determined positions of levels of size quantization is important 
advantage because it allows to adapt the structure almost for any laser generators.  The other 
advantage is fact that in quantum wells have high dipole matrix elements. Due to this different 
interference effects for condensed state (including related with the EIT resonances) take place.   
Therefore the dark resonances are investigated both theoretically [7] and experimentally 
in semiconductor quantum wells based on InGaAs/AlInAs [8] and GaAs [9] in spite of problems 
due to broadening of lines of optical transitions. Appearance of the EIT effect due to the 
coherent state between heavy and light holes in valence band was experimentally investigated in 
[10]. Existence of the CPT resonance was shown when the system with the three dipole-allowed 
transitions in asymmetric quantum well was irradiated by two infra-red (IR) fields [11].  
Amplification in the emission intensity of 2s state of excitons by generation of the dark states 
was studied [12]. Appearance of the EIT resonance for interaction of IR radiation with quantum 
wells was investigated in [13-14]. The dependence of the existence of the EIT resonance on the 
phases of influencing fields was studied for the four-level inverted Y configuration which was 
realized in the system of asymmetric quantum well n-InGaAs (with the AlGaAs barriers) when it 
was interacting with three-frequency field [15]. Appearance of the EIT resonance for 
femtosecond excitation in the structures  with array of quantum wells was observed [16]. The 
observation of EIT in the photonic crystals was realized [17].     
The structures consisting of double tunneling-coupled quantum wells also is interesting. 
The theory of the EIT in the asymmetric double quantum wells was invented [18]. The nonlinear 
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response of light in the presence of a strong field for EIT resonance was theoretically 
investigated in such structures [19]. However there is some problems in ones. For example it is 
realization of the dark resonances in the closed scheme of the excitation contour where a 
corellation between phases of exciting fields is the main condition of existence of the dark 
resonances.  
This work is devoted to research of the dark resonances in semiconductor double 
tunneling-coupled quantum wells. The possibility to control the dark resonances by coupling 
field between the energy levels of holes in the valence band is considered in this work.  As a 
result the closed contour of excitation takes place and it gives large potential to control 
formation of the dark resonances by means of variation the common phase of the contour as well 
as intensity of coupling field [15, 20-23].   These researches are actual due to possibility of 
building the devices for record and processing of quantum information in the basis of the dark 
resonances in semiconductor nanostructures.   
 
2. Basic equations 
We consider the double tunneling-coupled quantum wells structure, see Fig.1. States 3  
and 4  are the combinations of wave functions in each of quantum wells (the barrier between 
the wells is permeable). The value 2Δ of high levels tunnel splitting depends on probability of 
tunneling between these wells. Wave functions of the states 1  and 2  overlap each other. It 
allows to couple the low levels by additional infrared electromagnetic field. 
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Fig.1. The scheme of the energy levels in the double tunneling-coupled quantum wells: 2Δ is 
tunnel splitting; Ω1, Ω2  are Rabi frequencies of optical fields interacting on the transitions 
 1 3 4  and  2 3 4 ; Δ1 and Δ2  are one-photon detuning of frequencies of optical 
fields and V is Rabi frequency of infrared field interacting on the transition 1 2 . 
 
The set of equations for the density matrix elements ij  describing the interaction of this 
system with three-frequency laser field can be inscribed as  
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where H  is the Hamiltonian, and   is the relaxation matrix. Hamiltonian H  can be represented 
as 0 intH H H  , where 0H  is the Hamiltonian in the absence of laser field 
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and intH  describes the interaction of quantum system with laser field. In resonance approximation 
1 1 1 1 2 2( ) ( ) ( )
int 1 1 23 1 4 1 3 2
i t i t i tH q e e e                    
                           3 32 2 ( )( )2 4 2 2 1 . .
i ti te Ve h c                                      (3) 
Here 1 13 1 / 2E   , 1 14 1 / 2q E   , 2 23 2 / 2E    and 2 24 2 / 2E     are the Rabi 
frequencies, iE  and i  are the amplitude and phase of i-th laser field component with frequency 
i  ( 1,2i  ); 13 , 14 , 23  and 24  are the dipole moments of transitions 1 3 , 1 4 , 
2 3  and 2 4  respectively; 14 13q   , 24 23   . Also we suppose that infrared 
laser field with Rabi frequency V , frequency 3 , and phase 3( )t  interacts with the transition 
1 2  which has dipole moment 12 .   
The relaxation matrix   are the following: 22,11 11,22   = 22,22 11,11 21    =2.5·10
-5  , 
11,33 22,33   = 31 = 32 =0.8 , 33,33 31 32    , 11,44 22,44   = 41 = 42 =0.75 , 44,44 41 42    , 
12,12 21,21 12     =4 21 , 13,13 31,31 13     =1.92 , 14,14 41,41 14     =1.8 , 
23,23 32,32 23     =1.92 , 24,24 42,42 24     =1.8 , 43,43 34,34 34     =3.41  
( 11 11.519·10 sec ( 1 )meV   ) [24]. In the rotating frame the set of equations for the density 
matrix is:  
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Here 1 1 31 41( ) / 2       and 2 2 32 42( ) / 2       are one-photon detuning of laser frequencies 
from transitions  1 3 4  and  2 3 4 , ij  is the frequency of transition between levels i  
and j ,        1 2 3t t t t       is the total phase. 
 
3. Results and discussion 
Equations (4) - (13) describe dynamics of atomic populations 11 , 22 , 33 , 44  as well as 
the optical coherences 13 14 23 24, , ,     in dependence of the Rabi frequencies 1  and 2  for 
optical fields, the Rabi frequency V of coupling field and the phase  . Further we will consider 
the stationary solution where all time derivatives are equal to zero: 
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               (14) 
Then the set of differential equations (4) - (13) transforms to the set of ordinary linear equations. 
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      First of all we note that the presence of closed contour of excitation radically changes 
characteristics of the medium [20].  Closing of atomic contour can be realized by radiofrequency 
field, as in the case of three-level  -system [21], or optical fields, as in the case of double  -
system [22].   In our case closing of  the contour of excitation is realized through two channels: 
tunneling between the excited states in both quantum wells, and by the infrared field acting on 
the transition 1 2 , see Fig.1. 
Total phase 1 2 3       is a parameter characterizing the closed excitation contour 
in the considered structure. Populations and coherences are crucially depending on this phase.   
The dependencies of populations 11 22  , 33 , 44  on two-photon detuning 
1 2( ) / 2     for different values   are presented on fig.2.  We can see that the CPT 
resonance take place in the double tunneling-coupled quantum wells for 0  . Actually almost 
all population is concentrated on the low levels (Fig.2 (a) – the solid curve) in the case of two-
photon resonance ( 0  ).  At the same time there is a narrow resonance for the population of 
high levels. It is a specific well on population curves of the excited states 3 , 4  for close to 
zero values of  two-photon detuning ( 0  ) (see Fig.2 b, c).  It is possible to control the contrast 
of dark resonances by means of variation of the phase   like in the case of atomic systems [20-
22].  So the amplitude of dark resonance decreases for / 4   (dot curve) and disappears for 
/ 2    (dash-dot curve) which means the destruction of the dark state. Physically such 
destruction of coherent population trapping is a result of absence of dark superposition states of 
the low levels for nonzero values of the phase over the excitation contour.  
Also the difference of populations 33  and 44  on the Fig.2(b) and 2(c) is a result of 
difference in Rabi frequencies of the transitions  1 3 4  and  2 3 4  due to 
different dipole moments of appropriate transitions (q=k=0.8).   
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Fig.2. The dependence of populations 11 22  - (a),  33 - (b),  44 - (c) on two-photon detuning 
for three values of summary phase  . Here 1 2 0.25V     ,   , 0.8q   .  
 
Let us consider the influence of the Rabi frequency V  of the coupling infrared field on 
the existence of the dark resonance in the system of tunneling-coupled quantum wells. Choose 
the value of / 2  . If 1 2,V   , then there is no CPT resonance (the dash-dot curve on the 
Fig.3,4). When Rabi frequency V  decreases, the contrast of the dark resonance is restored (the 
dot and dash curves on the Fig.3,4). This is due to destruction of the closed contour of excitation 
 1 3 4 2 1    for close to zero Rabi frequencies of infrared radiation ( 0V  ). As a 
result, the scheme of excitation on the Fig.1 for 0V   transforms similarity of Λ-system where 
the existence of the dark resonance does not depend on the phase  .   
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Fig.3. Dependence of populations 33  (a) and 44  (b) on two-photon detuning for different values 
of Rabi frequency of coupled field. Here 1 2 0.25   ,   , 0.8q   , 2

  . 
 
Further we are considering dispersion and absorption of probe field for the transitions 
 1 3 4  in the system of double tunneling-coupled quantum wells (Fig.1). We suppose 
that strong field of optical radiation interacts on the transitions 2 3 , 2 4 . Since the 
imaginary part of optical coherence  13 14Im    is proportional to absorption, and the real part 
 13 14Re    determines the index of refraction (or dispersion), therefore we must solve the set 
of equations (4) - (13) for the stationary case to find the non-diagonal elements of density matrix 
13 14,   for the condition 1 2  . 
There are the dependencies of absorption (Fig.4a) and dispersion (Fig.4b) of probe field 
on the transition  1 3 4  for tree values of the phase  .  There is qualitative agreement of 
the dependencies of absorption and index of refraction under CPT conditions (the solid curve on 
the Fig.4) with the case of probe field in tree-level  -system [25]   
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Fig.4. Dependence of  13 14Im   (a) (absorption coefficient of the probe field) and 
 13 14Re    (b) (dispersion coefficient of the probe field) on two-photon detuning for three 
values of phase  . Here we took 1 0.25V    , 2 13   ,   , 1q   . 
 
On the other hand on the contrary with simple  -system, the dispersion coefficient of 
the probe field reaches a maximum near the value 0  , and absorption gives way to 
amplification. At the same time in simple  -system the maximum of dispersion is observed for 
nonzero absorption and  | | 0  . In other words the maximum of dispersion is almost coinciding 
with the maximum of amplification of the probe field by the medium in the case of tunneling-
coupled quantum wells. The last occurs is due to presence of closed excitation contour in the 
system. It allows to redistribute the radiation power and to amplify the probe field for maximum 
value of dispersion coefficient.  
Some asymmetry in the dependencies of absorption and dispersion coefficients on two-
photon detuning is due to inequality of the matrix elements of dipole interaction operator for the 
transitions 1 3  and 1 4 . Significant dispersion (almost like for zero phase) is 
observed for the value of phase / 4   (the dot curve) in the area 0  , but the probe field 
absorption increases abruptly. This is the consequence of CPT destruction. Finally, when the 
value of phase / 2   and CPT is destructed, the dependencies of absorption and dispersion 
spectrums of probe field correspond to two-level atom model (the dash-dot curves).  
On the fig. 5 the dependence of dispersion on a value of two-photon detuning for 
different values of coupling field and phase / 4   is presented. From this figure one can see 
that resonant character of this specific decrease when the intensity of coupling field increases.  
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So CPT takes place actually for / 4   when value of coupling field V  is 0V   (solid curve) 
in the system of two quantum wells.  Accordingly the sharp dispersive specific takes place in the 
aria 0   for dependence of dispersion coefficient.  Amplitude of the dispersive singularity 
decreases a bit when the Rabi frequency of coupling field increases. This is due to CPT 
destruction for nonzero phase of the excitation contour (the dot, dash and dash-dot curves). Any 
specifics of dispersion coefficient disappear for the values of Rabi frequency of coupling field  
13V   (the dot curve).    
 
Fig.5. The dependence of dispersion of the probe field  13 14Re    (a) and of the strong field 
 23 24Re    (b) on two-photon detuning for different values of Rabi frequency of coupling 
field. Here 1 0.25  , 2 13   ,   , 1q   , 4

  . 
 
 On the Fig.6 the dependence of summary population 33 44   on two-photon detuning 
for the different values of splitting   which characterize thickness of the potential barrier is 
presented.  We chose two values of phase of the contour of excitation: 0   (Fig.6(a)) when 
CPT takes place and / 2   (Fig.6(b)) when the dark resonance is destructed.  From the fig.6 
one can see that amplitude of the dark resonance (specific well on population curves of the 
excited states 3 , 4  for close to zero values of  two-photon detuning) decreases when   is 
increasing for 0  .  Such amplitude decreasing is due to the increasing of one-photon 
detunings 1 , 1  together with splitting  . This leads to weakening of interaction of laser 
radiation and the two quantum wells system (Fig.1) on the transitions  1 3 4  and 
 2 3 4 .    
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Fig.6. The dependence of summary population 33 44   of excited states on splitting   for 0   
(a), 
2

   (b). Here 1 2 0.25V     , 1q   .  
 
The dependence of populations on the parameter q is presented on the Fig.7. Let us call 
the superpositions of states 1  and 2  what are not connected with states 3  and 4  by 
inducted transitions as 3NC  and 
4
NC  respectively. These wave functions are the same in the 
case of two-photon resonance and for q=1. So both CPT excitation channels interfere 
constructively.   If q=-1, the states 3NC  and 
4
NC  are orthogonal. This fact leads to vanish of 
the dark resonance.  
 
Fig.7 The form of the dark resonance for populations according to the q parameter: (a) - 33 , (b) - 
44 . Here 1 2 0.25V     ,   , 1  , 0  .   
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The dependence of summary population of the levels 3  and 4   on the Rabi frequency 
V of coupling IR-field is presented on Fig.8.  We can see that the width of dark resonance is 
determined by Rabi frequencies of optical fields and by decay of low-frequency coherency, see 
Fig.8(a). At the same time the form of the dark resonance varies radically when coupling field is 
switched on (Fig.8(b)) and depends on the ratio of Rabi frequencies of optical fields. This 
asymmetry is due to the pumping of power by means of coupling field.   
 
Fig.8. The form of the dark resonance for summary population 33 44   according to Rabi 
frequency V of coupling field: (a) - 0V  , (b) - 0.25V  . Here 1 0.25  ,   , 1q   , 
0  .  
 
4. Conclusions 
We considered the interaction of three laser fields (two optical fields and one infra-red 
coupling field) forming the closed excitation contour in double tunneling-coupled quantum 
wells. It is established that the dark resonance can arise and vanish depending on the total phase 
  over the excitation contour.  For Φ=0 the amplitude of the dark state is maximal and for 
Φ=π/2 the dark resonance is absence. We found that the dispersion coefficient laser fields of 
optical range in the area of dark resonance at Φ =π/4 have different resonance peculiarities 
which vanish when the amplitude of coupled field increase. It is worth to note that the absorption 
of the laser radiation passing through this structure was analyzed depending on the two-photon 
detuning. However when lasers have determined wavelengths, we can realize equivalent effect 
toward the variation of laser wavelength by means of the impact of constant electric field and 
variation of it value which leads to shift of the levels of size quantization. In conclusion it worth 
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to say that performed research is actual to the development of quantum information recording 
and processing.  
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